The de novo evolution of genes and the novel proteins they encode has stimulated much interest in the contribution such innovations make to the diversity of life. Most research on this de novo evolution focuses on transcripts, so studies on the biochemical steps that can enable completely new proteins to evolve and the time required to do so have been lacking. Sunflower Preproalbumin with SFTI-1 (PawS1) is an unusual albumin precursor because in addition to producing albumin it also yields a potent, bicyclic protease-inhibitor called SunFlower Trypsin Inhibitor-1 (SFTI-1). Here, we show how this inhibitor peptide evolved stepwise over tens of millions of years. To trace the origin of the inhibitor peptide SFTI-1, we assembled seed transcriptomes for 110 sunflower relatives whose evolution could be resolved by a chronogram, which allowed dates to be estimated for the various stages of molecular evolution. A genetic insertion event in an albumin precursor gene $45 Ma introduced two additional cleavage sites for protein maturation and conferred duality upon PawS1-Like genes such that they also encode a small buried macrocycle. Expansion of this region, including two Cys residues, enlarged the peptide $34 Ma and made the buried peptides bicyclic. Functional specialization into a protease inhibitor occurred $23 Ma. These findings document the evolution of a novel peptide inside a benign region of a pre-existing protein. We illustrate how a novel peptide can evolve without de novo gene evolution and, critically, without affecting the function of what becomes the protein host.
Introduction
Proteins often evolve by duplication followed by divergence of their encoding genes, but it is also apparent that proteins can evolve more suddenly by de novo gene evolution (Bornberg-Bauer et al. 2010; Tautz and Domazet-Lo so 2011; McLysaght and Guerzoni 2015; McLysaght and Hurst 2016) . The rise of next generation sequencing and comparative genomics have revealed many examples of transcripts coming from ancestrally nongenic regions. Pioneering studies that provided the first evidence of de novo evolved genes (Levine et al. 2006; Begun et al. 2007; Zhou et al. 2008 ) have led to more examples that include hundreds in Drosophila melanogaster (Zhao et al. 2014) , Saccharomyces cerevisiae (Carvunis et al. 2012) , novel genes in rodents (Heinen et al. 2009; Murphy and McLysaght 2012) and 60 new proteincoding genes in humans (Wu et al. 2011) . The functionality of genes evolved de novo has been demonstrated in Drosophila (Chen et al. 2010; Reinhardt et al. 2013) , mouse (Heinen et al. 2009 ), and human (Wu et al. 2011) .
Direct evidence of proteins encoded by de novo evolved genes using antibodies, proteomics or by separation science is mostly lacking, although a tagged version of the protein encoded by the de novo MDF1 gene from yeast was detectable by western blot once over-expressed (Li et al. 2010) . Proteins may also evolve de novo without de novo gene evolution. These instances include frameshifts to an open reading frame (ORF) (Ohno 1984) or major genetic rearrangements (Ross et al. 2013) , both of which dramatically alter the originally encoded protein. Proteins encoded by different reading frames of the same transcript are common in viruses and termed overprinting (Carter et al. 2013; Pavesi et al. 2013) .
DNA sequence insertions within an existing ORF could also lead to the creation of a novel peptide if the DNA insertion was in a benign region of the encoded protein and proteases acted to excise the new peptide region. In this way, an existing ORF and the protein it encodes could expand such that it produced the original protein as well as a new and unrelated peptide. This would represent the evolution of a new peptide in the absence of any change in coding frame, new transcription or dramatic changes to the protein encoded. For a new mature peptide product to evolve in this way would be subtle as it does not perturb the protein encoded by the ancestral gene, making it distinct from genetic changes that alter the function of an existing ORF (Chen et al. 1997; Carter et al. 2013; Ross et al. 2013 ).
To determine whether this subtle type of new protein evolution can occur, we focused on an unusual protease inhibitor in the common sunflower (Helianthus annuus). What makes this protease inhibitor unusual is that the sequence for this 14-residue, bicyclic trypsin-inhibitor SunFlower Trypsin Inhibitor-1 (SFTI-1) is embedded adjacent to an albumin storage protein within a nonintronic open reading frame (ORF) of an albumin precursor protein called Preproalbumin with SFTI-1 (PawS1) (Luckett et al. 1999; Mylne et al. 2011 ) ( fig. 1 ). Albumin is a water-soluble class of seed storage protein sometimes specified as napin-type albumins after their prototypic member from Brassica napus. Albumins, like most seed storage proteins, are not highly conserved in sequence, but are structurally stable proteins that are hyperaccumulated during seed development and degraded upon germination as a source of nitrogen and sulfur to the developing seedling. Napin-type albumins have been studied in detail (reviewed recently in Mylne et al. 2014) . Most plants contain multiple copies of albumin precursor genes and the encoded proteins are especially rich in glutamine. Albumin precursors are subjected to post-translational processing that includes folding of its conserved disulfide bond network followed by proteolytic cleavages featuring the enzyme asparaginyl endopeptidase, which targets Asn and Asp residues.
During this proteolytic maturation, albumins are often converted from linear proteins into a heterodimer of a small and large subunit. Some matured albumins remain monomers after cleavages or trimming of regions flanking the albumin. The sunflower albumin precursor PawS1 is an unusual albumin precursor as it is simultaneously matured by asparaginyl endopeptidase into two proteins; the trypsin inhibitory macrocycle SFTI-1 plus a heterodimeric seed storage albumin , making it represent a test case for a subtle type of evolution that forms a new peptide.
Proteins that are matured by proteases into multiple peptides are common, but three features distinguish PawS1 from most of these; namely differing size, topologies and functions of the mature products. The mature PawS1 seed storage albumin is 10.5 kDa and much larger than SFTI-1, which is 1.5 kDa. The mature PawS1 albumin is cleaved at several points and its topology becomes a heterodimer of linear proteins held together by disulfide bonds whereas SFTI-1 is a disulfide-braced macrocyclic peptide. Finally, seed storage albumin has a nutritive function for the developing seedling whereas SFTI-1 is more likely to be involved in defense ).
Plants do not contain trypsins, but have evolved a panoply of trypsin inhibitors. SFTI-1 was initially discovered for its FIG. 1. Summary of sunflower PawS1 and its buried protease inhibitor SFTI-1. (A) Sunflower PawS1 is a 151 amino acid protein that is matured by the Asn-and Asp-recognizing asparaginyl endopeptidase (AEP). AEP cleavages at Asn53 and Asn84 release the albumin. Cleavage at Asn35 releases an 18 amino acid peptide that is macrocyclized by a specialist AEP (AEP*) during cleavage of its GLDN tail to form SFTI-1. (B) Disulfide bonds connect the small (green) and large (orange) albumin subunits as a heterodimer of linear peptides. During maturation regions of PawS1 are degraded (black) such as the region between small and large subunits in albumin which is often trimmed by an exoprotease. The ER signal (pink) is typically trimmed upon entry to the secretory pathway. The ball-format structure of SFTI-1 displayed is from PDB ID 1SFI, whereas the mature albumin shown to scale with SFTI-1 is not sunflower PawS1 albumin. It is a model of the prototypic, napin-type albumin from Brassica napus (PBD 1PNB) (Rico et al. 1996) . Mature, napin-type albumins have a conserved disulfide bond network and five-helix structure ).
strong affinity for bovine trypsin (Luckett et al. 1999 ), but later work showed that SFTI-1 can also inhibit insect trypsins (Elliott et al. 2014) . Protease inhibitors stored in seeds are thought to provide protection from graminivorous insects (Shewry 1999) and some serine protease inhibitors have been demonstrated to protect plants from insects (Dunse et al. 2010; Hartl et al. 2010) . It is the Lys5 residue in sunflower SFTI-1 that is the target of trypsin and the surrounding residues create the beta-strand structure required for recognition by proteases (Luckett et al. 1999; Tyndall et al. 2005) .
SFTI-1 was discovered by Luckett et al. (1999) and not until 2011 was its precursor protein revealed . Several years later it was realized that SFTI-1 was just the first member of a large class of seed peptides similarly buried within preproalbumin. PCR-based discovery of PawS1 genes from relatives of sunflower revealed a diverse class of PawSDerived Peptides (PDPs) whose distribution suggests the peptide class is at least 20 My old (Elliott et al. 2014) . PCR also revealed a gene that might have been an ancestral form, called PawL1 (PawS-Like 1) that had many similarities to PawS1, but whose corresponding peptide region lacked Cys residues and appeared to make no stable PDP (Elliott et al. 2014) . The proteins encoded by PawL1 in Arnica montana and sunflower PawS1 were shown to produce mature, napintype albumins by purifying and sequencing them by mass spectrometry Elliott et al. 2014) .
The sunflower family (Asteraceae) is the second largest family of vascular plants, containing over 25,000 species, which represents >8% of all flowering plants (Panero and Crozier 2016) . This extensive and recent radiation makes the Asteraceae an ideal family in which to monitor the origins and evolution of a protein. Here, we studied the evolution of SFTI-1 by a survey of 110 Asteraceae seed transcriptomes. By coupling the gene and peptide distributions to a chronogram, we could retrodict and date several stable biochemical steps that enabled a potent inhibitory peptide to evolve within a latent region of a gene encoding a seed storage albumin.
Results
To trace the origins of SFTI-1, we extracted RNA from the seeds of 110 Asteraceae species, performed RNA-seq and assembled a transcriptome for each species (supplementary table S1, Supplementary Material online). The species chosen were mostly from subfamily Asteroideae where PawS1 genes were discovered Elliott et al. 2014 ), but included more distantly related subfamilies Mutisioideae, Carduoideae and Cichorioideae. We evaluated the best assembly of each transcriptome using six transcripts chosen for their ubiquity ) and because they cover a wide range of mRNA expression levels (supplementary fig. S1 and supplementary data set 1, Supplementary Material online). To find PawS1 and PawL1 transcripts, we used tBLASTn to search each transcriptome using the 151-residue sunflower PawS1 as the query (supplementary data set 2, Supplementary Material online). Ninety-seven percent of PawS1/PawL1 transcript levels fell within the range of the six core transcripts (supplementary fig. S1 , Supplementary Material online), which suggested PawS1/PawL1 genes were absent if a species had no detectable transcript. To confirm assembly quality, we designed primers against sequences from 22 transcriptomes and cloned 39 genomic DNA sequences with complete ORFs that were 99-100% identical to the assembled transcriptome (supplementary table S2 and supplementary data set 3, Supplementary Material online). In addition, we profiled peptide extracts from seeds of the same 110 species by liquid chromatography-mass spectrometry (LC-MS) for corresponding peptide support (supplementary fig. S2, Supplementary Material online) .
To illustrate the distribution of the gene types and estimate the timing of their origins, we generated a chronogram based on nuclear ribosomal internal transcribed spacer (ITS) sequences and chloroplast genes that included the species for which we obtained transcriptomes. Four nodes were calibrated using fossil evidence and a major tectonic event ( fig. 2) . The gene types were mapped to the chronogram and the timing for steps between gene types could then be inferred based on dates of the divergence points in our chronogram.
The hypothesis that a single-product, seed storage albumin precursor gene is the ancestor of both PawL1 and PawS1 was supported by the observations that transcripts for SEED STORAGE ALBUMIN (SESA) genes were present in all 110 sampled Asteraceae species and many similar sequences are found in GenBank sourced more widely from dicots. Most plant species have multiple copies of SESA genes. The common sunflower has 21 SESA genes (Jayasena et al. 2016) , Arabidopsis contains 5 (Krebbers et al. 1988; van der Klei et al. 1993) , Brazil nut has at least 10 ( Moreno et al. 2004) whereas Brassica napus (rapeseed) has over 16 (Scofield and Crouch 1987) .
PawS1 or PawL1 transcripts were absent from the transcriptomes of all 29 sampled species in subfamilies Mutisioideae, Carduoideae, and Cichorioideae, suggesting the evolution of PDPs was confined to the subfamily Asteroideae ( fig. 2 ). We found PawL1 transcripts more widely in 51 of 81 Asteroideae transcriptomes that spanned 12 of the 17 tribes sampled. The 51 species with PawL1 transcripts contained from 1 to 13 copies (median 3, mean 3.3). We interpret the broad distribution of PawL1 genes across the subfamily Asteroideae as evidence for a single origin for this stable gene type that, based on our chronogram ( fig. 2 ), we estimate evolved $45 Ma.
The sequences of seven PawL1 genes were previously known and protein evidence was sought only in Arnica montana (Elliott et al. 2014) . The 51 new sequences we report exhibit strong conservation that, despite lacking a Cys (C) pair, have parallels with processing of PDPs ( fig. 3 and supplementary data sets 4-6, Supplementary Material online). These include an absolutely conserved asparaginyl endopeptidase target sequence Asn (N), a highly conserved central Pro (P), and a strongly conserved Asp (D) also targeted by asparaginyl endopeptidase. The residues are also conserved following the Asp, notably a small P1 0 residue (Gly/Ser, G/S) and a highly conserved P2 0 Leu (L) shared in precursors of peptides macrocyclized by asparaginyl endopeptidase (Mylne et al. 2012 ). This conservation implied PawL1 genes might produce small peptide macrocycles. Using a less polar seed extraction method, we discovered and sequenced cyclic octapeptides encoded by PawL1 genes in Zinnia haageana (Heliantheae) and Senecio pinnatifolius (Senecioneae) ( fig. 4 and supplementary data set 2, Supplementary Material online), but did not find any peptide to support Arnica montana PawL1. These PawL1-Derived Peptides (PLPs) represent a new biosynthetic route for this type of peptide macrocycle (aka orbitides). Previously described orbitide biosynthetic routes are asparaginyl endopeptidase-independent and encoded by singleproduct precursors (Arnison et al. 2013) . These data suggest the dual-product PawL1 genes with their buried, Cys-less macrocycles represent the first stable evolutionary step away from a typical, single-product SESA precursor.
Within a sub-set of the PawL1-containing tribes, we found PawS1 genes and peptide evidence for the Cys-containing PDPs, specifically Helenieae, Coreopsideae, Heliantheae, and Millerieae tribes. No evidence of PawS1 genes was found in the PawL1-containing tribes Inuleae or Doroniceae or anywhere else in the Asteroideae ( fig. 2 ). The distribution of PawS1 genes and their buried PDPs implies that some 4-10 My passed before the Cys-less PLP macrocycles evolved to Cys-stabilized bicyclic PDPs $41-34 Ma. Of the 17 species containing PawS1 genes, 15 also contain PawL1 genes, thus the evolution of PDP from PLP was interspersed by PawL1 gene duplication. Whole genome duplication (WGD) is common in plants (Wendel et al. 2016) and was hypothesized to have occurred within the Heliantheae $30-35 Ma (Huang et al. 2016 ). This was preceded by an earlier hexaploid WGD event at the origin of the Asteraceae, although this was thought to have become diploidized by the time of the origin of Asteroideae (Panero and Crozier 2016) . Either event could have provided the multiple duplications that have led to at least 26 preproalbumin genes in sunflower (21 SESA, 3 PawL1, 2 PawS1), even if only a sub-set is detectable at the mRNA and protein level (Jayasena et al. 2016) .
Although PawS1 transcripts and PDPs exist in several tribes, transcripts for potent trypsin-inhibitory PDPs like SFTI-1 ("PawS-TI") are confined in distribution to one subtribe, the Helianthinae. Our transcriptomes detected PawS-TI transcripts in three species (Tithonia rotundifolia, H. annuus and Sanvitalia procumbens). Furthermore, PawS-T1 genes have previously been cloned by PCR from Iostephane heterophylla, Aldama phenax and Viguiera phenax, as well as eight different Helianthus species Elliott et al. 2014) . The result of searching 267 Asteraceae seed peptide LC-MS profiles for the masses of trypsin-inhibitory PDPs was consistent with them being confined to subtribe Helianthinae within the tribe Heliantheae (Elliott et al. 2014) . Also, previous in-gel trypsin inhibitory assays with extracts from a wide range of the Asteraceae (Konarev et al. 2002) did not detect low-MW trypsin inhibitors outside the tribe Heliantheae. Combined, these data suggest that PDPs with a trypsin-inhibitory function evolved in a series of steps. We estimate transition to the lineage-specific functional peptide found throughout members of Helianthinae occurred $23 Ma, some 20 My after the initial event(s) that created the PLPs ( fig. 2 ).
Discussion
We have elucidated the evolutionary pathway of a trypsininhibitory, bicyclic peptide ( fig. 5 ). Three biochemical steps were observable due to the steps being interspersed by gene duplication, which is a major source of new functions and protein products (Conant and Wolfe 2008; Andersson et al. 2015) . The stable biochemical steps observable were represented by three gene types: (1) an insertion event in preproalbumin created two additional asparaginyl endopeptidase target sites (Asn, Asp) and made SESA into a dual product PawL1 gene type with embedded Cys-less peptide macrocycles; their distribution implies they appeared $45 Ma, during the Eocene epoch; (2) PawS1 whose distribution implies Cys-containing bicyclic PDPs evolved $34 Ma, during the Oligocene epoch; and (3) the trypsin inhibitory type PawS1-TI evolved $23 Ma, during the Miocene epoch. It is interesting to note that the evolution of PawS1 is coincident in phylogenetic position with several evolutionary changes that affect the reproductive effort of sunflowers, notably the appearance of large receptacular pales and appearance of phytomelanin in the fruit wall (Panero and Crozier 2016) . These properties and PDPs would all appear to provide protection for the developing seed, suggesting PawS1 and their PDPs might be part of a syndrome associated with divergence of the Heliantheae alliance clade, perhaps allowing success in the relatively dry habitats of western North America/Mexico where this group is so abundant.
What is arguably missing is a gene sequence that represents a link between PawL1 and PawS1; the conservation of a central Pro in both PawL1 and PawS1 type genes implies each Cys appeared independently either side of the Pro residue. Sequences with a single Cys either side of the Pro were extremely rare with only two sequences found in Z. elegans and E. peristenia ( fig. 2 and supplementary data set 2, Supplementary Material online). Seed storage albumins with an odd number of Cys residues are likely to be unstable or prone to aggregation and, consistent with this, in the literature and our transcriptomes preproalbumins almost exclusively have even numbers of Cys residues; only 5 of 121 (4.1%) full length preproalbumins taken at random from 48 transcriptomes (86 sequences) and GenBank (35 sequences) had an odd number of Cys residues.
The different gene types have been subject to significant gene duplication and, as an example, we observed that within the 51 species with a PawL1 transcript, some contained up to 13 copies and the average was three copies of PawL1 (fig. 2) . Zinnia haageana, Sanvitalia procumbens and Gaillardia pulchella had 12, 8 and 5 copies of PawS1, respectively ( fig. 2 ). These copy numbers were determined from the assembled transcriptome and it is worth noting that without having a genome sequence of these species we cannot exclude that some species might contain recent and near identical gene duplicates. Raw RNA-seq reads for very similar gene copies could be merged into a single transcript during assembly. However, using the same assembly methods, we have previously been able to distinguish highly similar PawS1 genes differing by several nucleotides over $450 bp and for which supporting peptide evidence could be found . Some nearly identical gene copies seen in assembled transcriptomes have been confirmed by PCR cloning using the genomic DNA in this work (supplementary data set 3, Supplementary Material online) and previously . Also, in this work with the core transcripts used to monitor the quality of each assembly, we could detect differences between the potentially synonymous species Doronicum orientale and D. caucasicum that shared one identical core transcript, but whose other four core transcripts varied by as few as one or as many as 63 SNPs. The evolution of a new, stable peptide within an existing ORF differs from other known examples of novel proteins evolving from existing ORFs. A single frameshift was the first documented example (Ohno 1984) , but several examples of multi-step, novel protein evolution have been documented. Umbrea is a neogene with a key role in chromosome segregation in a number of Drosophila species. The steps leading to Umbrea required the Heterochromatin Protein 1B sequence to integrate within the intron of the dumpy gene and its functionality was acquired after a series of genetic events including gene duplication 12-15 Ma, loss of an ancestral domain 10-12 Ma, modification of the chromoshadow domain 5-7 Ma and some species-specific changes (Ross et al. 2013 ). The recent characterization of the nonessential overprinted ALTO protein showed its evolution required several stop codons to be erased for it to acquire ALTO-coding capability (Carter et al. 2013) . The genes for antifreeze glycoproteins in Antarctic fish evolved 5-14 Ma by a deletion within a trypsinogen gene and then internal expansion of a peptide sequence to encode tandemly repeating Ala-Thr rich peptides (Chen et al. 1997 ). All these examples involve stepwise changes to evolve a radically new protein, but what differentiates PawS1 is that its new peptide is an addition and did not destroy its ancestral function as a precursor for a seed storage albumin.
In conclusion, we provide evidence for how a novel seed peptide evolved within an existing protein and, by being able to date the stable steps, showed each step was interspersed by 4-10 My. Further research will determine whether this novel example of the evolution of a peptide within an existing protein is a more widespread mechanism.
Materials and Methods

Plant Material
Seeds for Asteraceae species (supplementary table S1, Supplementary Material online) were sourced directly from the field, herbarium collections, or purchased from commercial seed suppliers. 
RNA Extraction and Library Preparation
RNA was extracted from mature dry Asteraceae seeds using the mini-hot phenol method (Box et al. 2011) . This extraction method is based on a protocol described by Botella et al. (1992) . Total RNA was DNAse treated and further purified using the NucleoSpin RNA Clean-up kit (Macherey-Nagel). RNA was visualized on a 1% agarose gel and the A260/280 and A260/230 ratios were measured using a NanoDrop spectrophotometer (Thermo Scientific) to assess its quality. Sequencing libraries were generated using the TruSeq V R Stranded Total RNA LT with Ribo-Zero Plant kit (Illumina) with 300-1,000 ng of purified total seed RNA according to the manufacturer's instructions. Sequencing was then performed on an Illumina HiSeq 1500 instrument as 100-bp single read runs or 2Â100 bp paired-end read runs.
De Novo Transcriptome Assembly
De novo transcriptome assemblies were performed using the second method described in Jayasena et al. (2014) . Quality trimming and filtering parameters were maintained as Q30, l50 and q22 and p90, respectively. However, a few data sets gave better assemblies when reads were filtered to achieve q30, instead of q22 (supplementary table S1, Supplementary Material online). CLC Genomics Workbench (CLC bio) software was used for de novo assemblies. If the reads were from a paired-end run, forward and reverse reads were uploaded to CLC indicating that they were paired-end reads. If the reads were from a single-end run, then trimmed, filtered reads were collapsed prior to uploading to CLC to remove duplicates.
Default CLC de novo assembly settings were used, except that each data set was assembled with at least four different word sizes/k-mers (i.e., 23, 30, 40, and 60). For paired reads, assembly parameters were set as auto-detect paired distances: yes, and perform scaffolding: yes. In both single and paired data sets, reads were mapped back to contigs maintaining the mapping parameters as mismatch cost: 2, insertion cost: 3, deletion cost: 3, length fraction: 0.8, similarity fraction: 0.8, and update contigs: yes.
Of the 110 RNA samples, 8 (i.e., Coreopsis tinctoria, Helianthus annuus-1, Ambrosia trifida, Lindheimera texana, Arnica montana, Chromolaena odorata, Tetragonotheca texana, and Melampodium leucanthum) were sequenced and assembled de novo by the Beijing Genomics Institute using Trinity (supplementary table S1, Supplementary Material online). Clean reads provided by BGI were re-assembled with CLC as described earlier and compared with the Trinity assemblies. The best assembly for each species was selected based on either the number of PawS1 transcripts identified
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Searching for PawS1 Genes and PawS1 Intermediates
Assemblies from each species were queried for PawS1 and PawS1 intermediates by tBLASTn using the sunflower PawS1 protein sequence (151-residues). Novel transcripts were examined for the characteristic PawS1 features such as the presence of an ER signal, GLDN or GLDN-like tail, and the characteristic Cys residue pattern of the accompanying albumin partner before assigning them as PawS1 or PawL1.
WebLogo of SESA, PawL1 and PawS1 Predicted Proteins
Alignments of SESA (105 sequences), PawL1 (146 sequences), and PawS1 (49 sequences) were made using CLC Genomics Workbench 8.2, maintaining alignment parameters as gap open cost: 5.0, gap extension cost: 5.0, and end gap cost: free. Alignments were uploaded for display with WebLogo 2.8.2 (Schneider and Stephens 1990; Crooks et al. 2004 ).
Quality Assessment of the De Novo Transcriptomes
To assess the quality of de novo transcriptomes as previously described , the same six core transcripts, namely LATE EMBRYOGENESIS ABUNDANT (LEA), OLEOSIN (OLE), ASPARTIC PROTEINASE (AP), PATHOGENESIS RELATED (PR), CYSTEINE PROTEASE-1 (CP-1), and SERINE/ THREONINE PROTEIN KINASE (PK) were used. These core transcripts are conserved in all Asteraceae and represent different mRNA expression levels from high to low. The presence of a core transcript and coverage in an assembly was a reliable measure of transcriptome quality. Core transcripts in each assembly were identified by sequence similarity searches using tBLASTn. Percentage coverage of each core transcript was calculated by dividing the amino acid length of the assembled core transcript by the amino acid length for the reference core transcript. Abundance of core transcripts in each species was assessed by mapping trimmed, filtered raw reads onto the six core transcript sequences identified. Mapping was done using CLC Genomics Workbench 8.0.1, maintaining default mapping parameters except linear gap cost: 0.95, similarity fraction: 0.95, and nonspecific match handling: ignore.
Even versus Odd Numbers of Cys Residues in Preproalbumins
Eighty-six SESA transcripts were selected from transcriptomes to represent the full breadth of the Asteraceae (2 transcripts from Mutisioideae, 4 from Carduoideae, 12 from Cichorioideae, 12 from Senecioneae, 6 from Calenduleae, 1 from Doroniceae, 2 from Gnaphalieae, 1 from Astereae, 8 from Anthemideae, 4 from Helenieae, 2 from Inuleae, 4 from Coreopsideae, 21 from Heliantheae, 1 from Madieae, 3 from Eupatorieae and 3 from Millerieae). Non-Asteraceae SESA sequences were downloaded from the GenBank protein depository to include at least one 2S albumin from each species listed. In the five SESAs with an odd number of Cys residues, the "extra" Cys was always in the small albumin subunit.
Asteraceae ITS and Chloroplast Sequences
ITS sequences for 33 species (Anacyclus depressus, Arctotis gumbletonii, Arctotis scapigera, Carthamnus tinctorius, Centaurea cyanoides, Centaurea pseudophrygia, Gazania splendens, Gazania x hybrida, Guizotia abyssinica, Helichrysum bracteatum, Helichrysum macranthum, Hymenopappus tenuifolius, Inula ensifolia, Ligularia przewalskii, Olearia lyrata, Oncosiphon africanus, Osteospermum ecklonis, Osteospermum jucundum, Osteospermum sinuatum, Othonna arborescens, Parthenium argentatum, Sanvitalia procumbens, Schoenia filifolia, Senecio magnificus, Senecio pinnatifolius ssp. latilobus, Senecio pinnatifolius var. maritimus, Senecio pinnatifolius var. pinnatifolius, Streptoglossa macrocephala, Tagetes tenuifolia, Tanacetum coccineum, Tetragonotheca texana, Waitzia nitida, Xerochrysum viscosum) were obtained by PCR from genomic DNA template with the primers ITS7.5 (5 0 -GAG TCA TCA GCT CGC GTT GAC TA-3 0 ), ITS4 (5 0 -TCC TCC GCT TAT TGA TAT GC-3 0 ) and ITS5 (5 0 -GGA AGT AAA AGT CGT AAC AAG G-3 0 ). The ITS, rbcL and ndhF sequences for Zinnia haageana were acquired from its transcriptome. For a list of GenBank codes used to generate figure 2, see supplementary data set 8, Supplementary Material online.
Asteraceae Chronogram
Sequences were edited using the program Sequencher v 4.9 (Gene Codes Corporation, Ann Arbor) and assembled into primer-based matrices. The ITS and chloroplast gene matrices were exported as Nexus interleaved files and concatenated in Paup* (Swofford 2003) . For the alignment used to generate the phylogeny in FASTA format, see supplementary data set 7, Supplementary Material online. The matrices were exported into Mesquite (Maddison and Maddison 2015) to produce Phylip and nbrf files. Alignment of the nbrf files was performed at the European Bioinformatics Institute web site (http://www.ebi.ac.uk/Tools/msa/mafft; last accessed March 10, 2017) using the program MAFFT (Katoh and Standley 2013) . The aligned data matrices were imported into Mesquite, edited and subsequently exported as simplified Nexus interleaved files and concatenated in Paup*. The concatenated file was exported into Mesquite and exported as a simplified Nexus sequential file to use in divergence time analyses. The concatenated matrix contained a total of 5,929 sites. For the ITS and chloroplast matrices the model of molecular evolution was evaluated under the Akaike information criterion using the program jModeltest 2 (Guindon and Gascuel 2003; Darriba et al. 2012) . The GTR þ I þ G had the highest likelihood of all models for the ITS matrix and GTR þ G for the chloroplast matrix. The GTR þ I þ G model was used in the divergence time analysis.
Four absolute time constraints were chosen that could be assigned with confidence to specific nodes of the phylogeny: (1) We constrained the root of the tree using the fossil pollen grain Mutisiapollis telleriae co-fossilized with the macrofossil Raiguenrayun cura and dated to 47.5 Ma (middle Eocene Rio Pichileufu paleoflora from central Patagonia; Barreda et al. 2012) . We modeled an exponential prior distribution with an offset of 47.5 My and a mean of 2.2 My to constrain the minimum age of the Mutisioideae-Asteroideae clade as specified by Panero et al. (2014) . The mean value was chosen to be contained within the 95% confidence interval of the distribution assuming a soft maximum constraint of 54 My that corresponds to the age of a pollen grain of Tubulifloridites with well-developed spines as in Mutisiapollis telleriae collected in Antarctica and magnetoand bio-stratigraphically dated to $53 Ma (Pross et al. 2012; Contreras et al. 2013) ; (2) Centaurea type fossil pollen from the Pliocene (Popescu 2002 ) was used to model a prior using a lognormal distribution with an offset of 4.6 Ma and mean and standard deviation of 0.5 My to constrain the CentaureaCarthamus (Carduoideae) node; (3) The oldest Artemisia fossil pollen has been recorded from the Eocene-Oligocene boundary of northwestern China (Wang 2004; Hobbs and Baldwin 2013) . We modeled this prior using a lognormal distribution with an offset of 31 Ma and a mean (0.2 My) and standard deviation (0.5 My) to constrain the node Artemisia-Chrysanthemum; (4) The high elevation P aramo habitat of northern South America has resulted from orogeny that has been dated to the last 2-4 Ma (Hughes and Eastwood 2006; Sklen a r et al. 2011) . The Espeletia clade of the tribe Millerieae is endemic to the P aramo habitat and adjacent high elevation Andean forests. We modeled a lognormal prior on the root node of the Espeletia clade (Carramboa, Espeletia, Libanothamnus) with an offset of 3 My, a standard deviation of 0.4 My and a mean of 0.2 My.
BEAST v. 1.8.0 (Drummond et al. 2012 ) was used to infer the phylogeny and divergence times for taxa in Asteraceae. The analysis was performed at the CIPRES Science Gateway (http://www.phylo.org/ (last accessed March 10, 2017), Miller et al. 2015 ) assuming a Bayesian uncorrelated lognormal clock of evolutionary rates. A general time reversible model with gamma-distributed substitution rates among sites (Lanave et al. 1984; Tavaré 1986 ) allowing four singlenucleotide substitution categories was applied to the concatenated data matrix. The Markov chain Monte Carlo algorithm was run for 120 million posterior iterations sampling every 20,000 posterior iterations. Tracer v. 1.6 (Rambaut et al. 2014 ) was used to assess effective sample sizes with values >200 considered for optimal convergence and tree likelihood stationarity. After discarding the initial 10% of samples (burn-in), a maximum clade credibility tree was constructed in TreeAnnotator v. 1.8.0 (Drummond et al. 2012) Relationships among the five subfamilies of Asteraceae included in our study are completely congruent with recent molecular phylogenies of the family, whether inferred from multiple chloroplastic markers (Panero and Crozier 2016) or from more than 60 low copy nuclear genes (Huang et al. 2016) . Only three tribal relationships within Asteroideae differ between this study and topologies recovered in those more comprehensive phylogenetic studies. The position of Coreopsideae here is incongruent with previous molecular studies that have sampled the tribe (Baldwin et al. 2002; Liu et al. 2015; Panero and Crozier 2016) , but these all differ in their placements as well. It has been hypothesized that this is a tribe of hybrid origin (Liu et al. 2015) . The position of Heliantheae in our analysis is incongruent with that in Panero and Crozier (2016) and Baldwin et al. (2002) . Those earlier studies are similarly incongruent with each other, but the tribe's resolution is only weakly supported here and in Baldwin et al. (2002) . Lastly, we observed the position here of tribe Bahieae is incongruent in its placement in Panero and Crozier (2016) and with Baldwin et al. (2002) ; the earlier two are also incongruent (Bahieae was only weakly supported in the latter). We do not know if these incongruences are due to variously incomplete sampling, to hybrid origin of some of the species sampled, or different nuclear and chloroplastic evolutionary histories. Luckily, alternate placement in any of these cases would not affect our conclusions about the order of events in this instance of peptide evolution. Ages of major backbone divergences and internal nodes exclusive of the three tribes mentioned are similar to those reported in other recent studies of Asteraceae, with those reported by Huang et al. (2016) , slightly older than those of Panero and Crozier (2016) , but all within the 95% high posterior density of the ages reported here.
Cloning PawS1 Genes and PawS1 Intermediates To confirm the putative PawS1 and PawS1 intermediate transcripts identified from de novo transcriptomes were not assembly artefacts, 39 genes were cloned either from seed genomic DNA or cDNA. For this purpose, genomic DNA was extracted from mature, dry Asteraceae seeds using the DNeasy plant mini kit (Qiagen). RACE-ready cDNA was synthesized with 1 mg of the same total RNA used for RNA-seq using the SMARTer RACE cDNA amplification kit (Clontech). Primers used for 3 0 and 5 0 RACE and full length gene cloning are listed in supplementary table S2, Supplementary Material online.
If the PawS1/PawS1 intermediate transcript identified from the transcriptome appeared to be full length, forward and reverse primers were designed outside the ORF. Full length genes were PCR amplified using either genomic DNA or cDNA as the template with Taq DNA polymerase, using specific primers for each gene (supplementary table S2, Supplementary Material online). Amplified fragments were cloned into the pGEM-T Easy vector (Promega) and three independent clones for each transcript were sequenced to avoid errors introduced by Taq DNA polymerase.
If the transcript was partial, either 3 0 or 5 0 or both 3 0 and 5 0 RACE were performed as necessary using specific primers (supplementary table S2 , Supplementary Material online) with respective RACE-ready cDNA. The amplified fragments were cloned into the pGEM-T Easy vector and sequenced to identify the full length gene sequence. The full length genes were then PCR amplified using specific primers and cloned as described earlier.
Peptide Extractions
To extract peptides, dry mature Asteraceae seeds were ground to a fine powder under liquid nitrogen with a pinch
Stepwise Evolution of a Buried Inhibitor Peptide over 45 My . doi:10.1093/molbev/msx104 of glass beads. A volume of $0.5 ml tissue powder was mixed with 0.4 ml methanol, 0.4 ml dichloromethane, and 0.1 ml 0.05% trifluoroacetic acid in water. After mixing by vortex, the mixture was centrifuged for 3 min at 16,000 g. If the phases were not separated at this point, 0.1 ml chloroform or 0.1 ml 0.05% trifluoroacetic acid in water was added alternately, followed by a short centrifugation after each addition, until phase separation was achieved. The upper (aqueous) layer containing peptides was collected and dried by centrifugation under vacuum. An alternative seed extraction method was used to search for PLPs in Z. haageana and S. pinnatifolius. Approximately 0.5 g of dry mature seeds was crushed in 50 ml of 50% methanol 50% dichloromethane (v/v). The crude extract was filtered under a vacuum and the filtrate collected. The crushed seeds were washed twice with 50 ml of 50% methanol 50% dichloromethane. These filtrates were collected, combined with the previous filtrate and dried with excess anhydrous magnesium sulfate. Polar molecules were removed by flash chromatography through a 10-mm silica gel column (60 mm average particle size). The eluate was collected, dried in a rotary evaporator at 40 C and stored at 4 C.
LC-MS and LC-MS/MS
Lyophilized crude peptide was dissolved in HPLC-grade 5% acetonitrile (v/v) and 0.1% formic acid (v/v) (Honeywell) prior to loading onto a C18 high capacity nano LC chip trapping column (160 nl) (Agilent Technology) in 95% solvent A (0.1% formic acid in water) and 5% solvent B (0.1% formic acid in acetonitrile) using an 1100 series or 1200 series capillary pump (Agilent Technologies). Then the trapping column was switched in-line with an 1100 series or 1200 series nano pump and a C18 analytical column (75 mmÂ150 mm). A gradient of 5% solvent B to 60% solvent B or 95% solvent B in 15 min was used to elute peptides into a 6510 series QTOF mass spectrometer (Agilent Technologies). The QTOF was operated in MS-mode only and the MS data were collected at eight spectra per second. In cases where a mass corresponding to a predicted PLP was found by LC-MS, tandem LC-MS (LC-MS/MS) experiments were carried out, fragmenting the putative peptide using collision-induced dissociation at voltages between 31 and 36 V. The resulting MS/MS spectra were manually analysed to identify any peptide fragment ions produced, and sequenced de novo by assignment of amino acid residues to b-ions in the spectra when they were within 0.015 Da of the expected residue mass.
tBLASTN Search for PLP Sequences
As further confirmation that each PLP was encoded by a PawL1 gene as predicted, a tBLASTn search was carried out against all six ORFs of the assembled transcriptome of the corresponding species using CLC Genomics Workbench. The search queries included all possible linear amino acid residue sequences of each cyclic peptide allowing for ambiguity between Ile and Leu, a total of 96 queries for Senecio pinnatifolius and 768 queries for Zinnia haageana.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online. 
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